INTRODUCTION
In order to clarify the role of hearing in speech production, we have been examining the physiological and acoustic properties of the speech of deafened adults before and after they recover some hearing with a cochlear implant (Lane et al., 1991; Perkell et el., 1992; Svirsky et el., 1992). When speakers who became profoundly, bilaterally, and sensorineurally deaf as adults present anomalous speech patterns, these can likely be attributed to the interruption of their ability to hear themselves and others. If their hearing is then partially restored and their anomalous speech patterns shift toward normal, the implication is that hearing has a role in regulating those speech parameters.
Voice onset time (VOT) must rank high among the seg- b}Also with Northeastern University, Boston, MA 02115.
found anomalies in speech breathing in deafened speakers, they suggested that the relative timing of glottal maneuvers might be implicated, among other mechanisms.
Several studies have shown that speakers born deaf or deafened before learning English "blur" the distinction between voiced and voiceless consonants; they fail to implement this phonemic contrast with sufficienlly differentiated VOT (Monsen, 1976) , airflow (Whitehead and Barefoot, 1980) , intraoral air pressure (Hutchinson and Smith, 1976) and laryngeal gestures (Mahshie and Conture, 1983 ). Levitt and Stromberg (1983) , analyzing corpora obtained from congenitally deaf children by Smith (1975) and Gold (1978 Gold ( , 1980 , list under "asynchrony errors" numerous substitutions of voiced for voiceless cognates. Taken together, these findings are consistent with the hypothesis that hearing plays a role in regulating VOT, but they do not !end it strong support since early-deafened speakers may not have maste[ed the phonemic contrast and its implementation during language acquisition. However, Cowie and Douglas-Cowie (1983) transcribed the speech of a group of postlingually deafened adults and report that the opposition between voiced and voiceless consonants was "neutralized" in this population as well. Boothroyd et al. (1988) found that five speakers in a group of six postlingually deafened adults were particularly poor at producing the voicing contrast before receiving the Nucleus-22 implant and three of these five improved, according to measures of their inteiligibility, following activation of their speech processors. Among the eight segmental contrasts that were studied, speakers using their implants perceived the voicing contrast most accurately, and there was a strong relation between the contrasts they dis-criminated accurately and those that improved in production. On the other hand, Tamer et al. (1989) found that one postlingually deaf teenager did not reliably change VOT in the plosives after one year of using the Nucleus-22 implant. The present study examines the voicing contrast in the speech of postlingually deafened implant users in readings made twice before and periodically after activation of their implant processors; in particular, VOT is measured in syllable-initial English plosives varying in manner (voiced/ voiceless) and place (bilabial, alveolar, velar). Comparisons of mean VOT are made within subjects, contrasting VOT during prolonged deafness with VOT following the restoration of some hearing, and between our subjects and speakers with normal hearing. This study asks, first: Do late-deafened speakers with prolonged profound deafness present anomalies in VOT of voiced and voiceless plosives? A finding of peculiarly short VOTs among the voiceless plosives or peculiarly long VOTs among the voiced would be consistent with Cowie and Douglas-Cowie's report of frequent phonemic substitutions of voiced and voiceless plosives in this population of speakers, and it would support indirectly the hypothesis that hearing normally plays a role in maintaining the voicing opposition. The study asks, next: Does VOT change systematically with the activation of the cochlear implant processor and, if so, does it change in the direction of values obtained from speakers with normal hearing? Further: Is there evidence that speakers who change values of VOT toward normal after processor activation also discriminate the voicing feature using their implants? If the VOT change is toward values obtained from hearing speakers, and if the implant users discriminate voicing reliably, there is further support for the hypothesis that one of the roles of hearing in normal speech production is to regulate the voicing contrast.
Although such findings would support the hypothesis of a role for hearing in regulating this speech parameter, there are potentially confounding factors that can infirm this support and must therefore be evaluated. Activation of the cooblear implant processor is commonly associated with numerous changes in speech, among them global changes in rate, sound pressure, and fundamental frequency (which we refer to as "postural changes;" see Perkell eta!., 1992).
When such changes accompany changes in VOT and its discrimination, it is possible that they are responsible for the change in VOT-•either solely, or in conjunction with the speaker's newfound ability to discriminate voicing.
I. METHODS
Adult users of cochlear implants are a heterogeneous group with respect to the parameter values of speech. Like hearing speakers of English, they differ in gender, in dialect, and in personal speaking style. In addition, they differ in age at first substantial hearing loss, use of hearing aids, age at deafening, duration of prolonged profound deafness, and adaptation of their speech to these events. Moreover, each implant user had his/her own particular pattern of cochlear damage, implant electrode depth, processor tuning, and ability to interpret stimuli from the processor. Consequently this study employs a single-subject longitudinal experimental design, replicated with four different subjects. Findings are dis- 
B. Auditory tests
The four subjects had pure tone average losses greater than 102 dB in each ear prior to implant. Two tests from the MAC Battery (Owens et al., 1985) , presented aurally prior to implant surgery, were used to assess unaided word recognition. Stimuli were delivered at high speech levels through a speech audiometer with audiometric headphones. The fourchoice Sportdee test of word recognition was administered to FA unaided, and to FB and MC aided; they scored 35%, 35%, and 40% correct, respectively. FC was tested unaided using the NU-6 open set test and scored 0% and 2% correct on two administrations. Following activation of their implant processors, all subjects performed above chance on the NU-6 test; their final scores and the number of weeks that had elapsed between the activation of the implant processor and the test administration are shown in the last two rows of Rabinowitz et al., 1992) . Briefly, each of twelve syllables (six plosives, four fricatives, and two nasals, followed by the vowel/a/) was uttered three times by one male speaker, digitized at a 10-kHz sampling rate, and presented over a loudspeaker in blocks of 72 trials in quasirandom sequences. There were between 18 and 36 presentations of each plosive.
C. Speech elicitation
Two baseline recordings of speech production were obtained from each subject before activating the speech processor of the subject's cochlear implant; the recordings were separated by intervals of 10, 1, and 1 weeks, and 1 day, respectively, for FA, FB, FC, and MC. Some preactivation recordings were made before the implant surgery and others following it. Post-activation recordings were made at inter- Table II presents In the three years following activation of her speech processor, FA showed some improvement in her ability to correctly identify the voicing of plosives; her error rate at the last testing (correcting for guessing) was 34%. The other speakers infrequently confused voiced and voiceless plosives by ear at any time during the course of the study; their mean error rates averaged about 10% in repeated testing at variable intervals. Rabinowitz et al. (1992) reviewed a body of literature showing that temporal "envelope" cues are more readily available to implant users than spectral cues. The amplitude envelope for a voiceless stop has a prominent peak at the release burst and a long interval with low amplitude before vowel onset; that for the voiced stop has a less prominent peak and a shorter interval. Consistent with the hypothesis that our patients were using temporal envelope cues in speech reception, Table II shows that, in their last test, they made 14% errors (corrected for guessing) in identifying the voicing of plosives but 34% error in identifying their place of articulation (however, FB's final error rate for place perception was quite low). All four subjects, then, presumably had access to the way in which others and they themselves contrasted voiced and voiceless segments.
D. Speech reception tests
Three of the speakers, FA, FB, and FC, seem to have used that access to change VOT. The upward trend in the VOTc of FA's voiced and voiceless plosives is roughly concurrent with an increasing trend in her discrimination of voicing. Likewise, the increase in mean VOTe of FB's voiced plosives is concurrent with her newly recovered ability to discriminate plosive voicing. Her voiceless VOTe does not increase, presumably because it is already somewhat above normal. Under the same conditions, however, FC's voiceless plosives do show increased VOTe.
Despite this evidence indicating an effect of processor activation on VOTe, activation did not inevitably lead to normalization of previously abnormal VOTe. FA improved on the listening test in the weeks following processor activation, but her final rate of voicing errors in identification was the highest of the four subjects and she also seems to have sta- their final sessions); they had three speakers uttering runs of six/Ci/syllables at eight rates. Speakers in the present study frequently failed to differentiate plosive VOTe with respect to place of articulation both before and after processor activation. However, their mean VOTe difference between adjacent places of articulation was 6 ms overall, as reported above, and 8 ms in their final sessions. A strict comparison with the preceding studies is not appropriate since they used different elicitation materials and tasks and report measures of VOT not adjusted for speaking rate. Nevertheless, it appears that the place effect is to be found in the speech of implant users.
Kluender (1991) has suggested that this effect "is the result of articulatory constraints, likely being related to inertial constraints upon the articulators involved" (p. 84). To the extent that place differences in VOT are determined solely by the articulators involved, one would expect our implanted speakers to have differentiated place in the way that hearing speakers do, since presumably they use the same articulators in producing each of the plosives that speakers with normal hearing do. On the other hand, to the extent that place differences in VOT are determined by the way in which articulators are controlled to release the constriction, our speakers' anomalous place differences in VOT, where they occur, may reflect idiosyncratic ways, acquired during prolonged deafness, of articulating each of the plosives.
IV. SUMMARY AND CONCLUSIONS
Returning to the questions posed at the outset of this study, we find that all four of our deafened speakers presented some anomaly in the production of VOT in syllableinitial plosives. This outcome supports the hypothesis that hearing normally plays a role in maintaining the implementation of the voicing opposition.
With activation of their implant processors, three of four patients changed VOTe means in the direction of values obtained from speakers who had normal hearing. These patients also discriminated the voicing feature using their implants, supporting the hypothesis that one of the roles of hearing in normal speech production is to regulate the voicing contrast.
In a discussion of the effects on speech parameters of Despite late-onset profound deafness of many years duration, all of our speakers maintained a distinct difference in the VOTc of their voiced and voiceless plosives before receiving their implants. This finding is consistent with the idea that they had a robust internal model of the relation between articulatory commands and the desired phonetic result, a model that continued to serve them when hearing was lost. Three of the four speakers increased VOTc gradually when some hearing was restored. This finding of a gradual change in VOTe is consistent with the idea that the model guiding articulation is calibrated using auditory information when it is available. However, evidence that deafened adults recalibrate articulatory models after extended processor use when reading a corpus in the laboratory does not confirm, of course, that speakers with normal hearing rely on auditory information to validate articulatory programs for speech.
Reviewing a wide range of correlated changes in vowel articulation observed in their postlingually deafened speakers after activation of their implant processors, Perkell et al. (1992) conclude that almost all the changes they observed "were due to changes in the postural settings of physiological mechanisms regulating speaking rate, F0 and SPL" (p. 2973); there was only modest evidence that patients used spectral information delivered by the prosthesis in changing patterns of vowel articulation. In the present study, VOT changes were found that appear to have been driven not only by a "postural" resetting of rate, but also to some extent by a fine-grain "tuning" of VOT itself. We hypothesize that this "tuning" was due to a recalibration of the mechanism controlling VOT after some self-hearing was restored. That recalibration may have been accomplished using predominantly temporal information from the speech wave.
The present findings do not reveal whether speakers were influenced by hearing the VOT separation in other people's speech, in their own speech, or both. Further, this study cannot rule out the possibility that the change in VOT is brought about indirectly through the mediation of another speech production mechanism also affected by processor activation. The laryngeai parameters that control whether vibration occurs or not (Stevens, 1977) •To facilitate subject identification in this paper, they are called FA, FB, FC, and MC (for the three females and the male speakers, respectively). For cross reference to other publications from the Massachusetts Eye and Ear Infirmary that include data from these subjects, they are S09, S15, S23, and S19, respectively. The same scheme was used in Perkell 
